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Evidence for knickzone generation and landscape disequilibrium through surficial studies 
of the James River, central Virginia Piedmont. 
 
Table of Contents                                                                                                         Page 
Abstract..........................................................................................................................3 
I. Introduction................................................................................................................4 
2. Methods. .................................................................................................................. 11 
2a. Terrace Identification ............................................................................................................ 11 
2b. Soil Analyses ............................................................................................................................ 13 
2c. Cobble Analyses....................................................................................................................... 16 
2d. Longitudinal Profiles .............................................................................................................. 17 
2e. Digital Mapping....................................................................................................................... 18 
3. Data and Results. .................................................................................................... 19 
3a. Soil Analyses............................................................................................................................ 19 
3b. Cobble Lithologies .................................................................................................................. 22 
4. Discussion. .............................................................................................................. 23 
4a. Terrace Level Interpretation ................................................................................................23 
4b. Soil Identification.................................................................................................................... 24 
4c. Cobble Lithologies .................................................................................................................. 26 
4d. Longitudinal Profiles .............................................................................................................. 29 
5. Conclusion............................................................................................................... 32 
6. Acknowledgements. ................................................................................................ 33 
7. References. .............................................................................................................. 34 
8. Figures. .................................................................................................................... 37 
9. Appendices. .............................................................................................................. 55 
 
 
 
 
 
 
 
 
 
 
 3 
Abstract. 
 
Several lines of evidence indicate landscape disequilibrium in the James River basin in 
the central Virginia Piedmont. The river longitudinal profile possesses pronounced 
convexities, and the James flows in a narrow inner valley incised into a discontinuous, 
low-relief upland. We hypothesize that this disequilibrium is generated by pulses of 
increased downwasting, and we focus here on a major ~five km long knickzone within 
the western Virginia Piedmont to determine if it is a translational feature. We combine 
soil analyses of grain size, pH, electrical conductivity, and Munsell color, cobble 
provenance examinations, and previously established cosmogenic dates of terraces along 
the James River to constrain the role of lithology, reconstruct past river profiles, and 
estimate rates of river erosion and knickzone propagation. We have identified numerous, 
disconnected terrace deposits, and reconstruction of past longitudinal profiles from these 
deposits suggests at least six separate terrace levels and hints at terrace generation by 
localized harder lithology. Longitudinal profiles of minor tributaries entering the 
mainstem within and downstream of the knickzone possess pronounced convexities 
whose upper elevations generally match elevations of the lowest terrace, implying 
increased incision since the abandonment of the lowest terrace level. Previous studies 
have dated high terraces near but outside the knickzone reach with in-situ 10Be profiles at  
~1 m.yr., suggesting rapid river incision rates of ~55 m/my. This dating suggests 
disequilibrium erosion was initiated and has persisted here during the late Quaternary. 
We hypothesize this recent incision was induced by the shift to more rapid climate 
fluctuations in the early Pleistocene, leading to base level lowering and knickzone 
generation. 
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I. Introduction. 
The central Virginia Piedmont is characterized by rolling topography, extensive 
stream dissection, and intensely weathered bedrock. Davis (1899) describes the Piedmont 
in his model of landscape evolution as a “mature” landscape, or peneplain, in the latter 
stage of the “geographical cycle”. One of the major assumptions that Davis makes in his 
theory is that the peneplain reaches an “erosional base level”. This implies that larger 
streams dissecting the peneplain have approached or achieved a graded level, where a 
river’s competence and available work equilibrate and where changes occur at a much 
slower rate. The slope of the headwaters increase through time, while the slope of the 
lower courses decrease, thus resulting in a longitudinal profile that is concave up.  
In response to Davis’ concept of the “geographical cycle”, Hack (1960) proposed 
the theory of “dynamic equilibrium”. In his theory, all topographic elements within an 
erosional system neither operate independently nor cyclically; rather, all elements are 
mutually adjusted to perturbations as they occur, consequently rendering the system time-
independent. Once equilibrium conditions are achieved, rates of downwasting are 
uniform. Hack (1960) argues that the Piedmont is a region that is currently in a state of 
dynamic equilibrium. 
More recent studies of channels in the Piedmont have suggested otherwise. 
Through studies of Rappahannock River terraces, Dunford-Jackson (1978) was able to 
reconstruct paleo-channel longitudinal profiles. Evidenced from these profiles was a 
record of the migration of several knickzones, initiated by punctuated episodes of 
increased incision rate. Dunford-Jackson (1978) attributed pulses of increased erosion 
rate to climatically influenced base level instability.  
 5 
Reusser et al. (2004) found that rapid climate change, beginning about 30,000 
years ago, initiated incision rates of ~500 m/my along the Susquehanna River and ~800 
m/my along the Potomac River. It should be noted that these rates are about 2-3 orders of 
magnitude larger than rates from studies in the Piedmont for they represent the most 
recent pulse of incision, which may be ongoing since the last glacial cycle (32 ka) 
(Hancock and Anderson, 2002). Rapid ice sheet growth, resulting in sea-level decline 
was posited to be the mechanism driving knickpoint evolution along the Susquehanna 
and Potomac during the late Pleistocene. 
Harbor et al. (2005) identify knickpoint migration and fluvial terrace formation in 
response to late Cenozoic sea-level change in the James and Maury River, in the central 
Appalachians. The authors found that least one knickpoint formed at the confluence of 
the James and Maury Rivers as stream capture and more resistant lithology initiated 
increased erosion and knickpoint genesis. Climate change or passive margin flexure were 
hypothesized to be responsible for the generation and propagation of several other 
knickzones within the basin. Harbor et al. (2005) calculated the rate of erosion resulting 
from knickpoint retreat to be roughly 50 m over the last million years.  
As suggested by previous studies, knickzones can result from modulating factors 
such as eustatic fluctuations, climate change, regional uplift, or localized harder lithology 
(Frankel et al. 2007, Pazzaglia 1993). The evolution of knickzones and likewise, the 
surrounding landscape, is a function of bedrock geology, tectonics, hydrology, surface 
processes and time. According to models of knickpoint evolution suggested by Frankel et 
al. (2007), relationships of critical and actual shear stress of the channel bottom influence 
the longitudinal profile and furthermore, the propagation or stagnation of a knickpoint. 
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When the actual shear stress exceeds the critical shear stress of homogeneous bedrock, 
the longitudinal profile may undergo the process of parallel retreat, slope replacement, 
relaxation or rotation about an inflection point. Crosby and Whipple (2006) suggest that 
knickzone propagation can be described in terms of wave speed mechanics, or celerity, 
and that migration is a power law function of the drainage area:  
Velocity = dx/dt = CAp 
Where C represents the efficiency of retreat in m/yr, A is the upstream drainage basin 
area in meters2, and p relates drainage area in a power function.  
Conversely, knickpoints may become immobilized by localized zones of more 
resistant lithology within heterogeneous bedrock (Harbor, 2005). Figure 1 illustrates 
idealized primary and tributary profiles of channels with migrating and stationary 
knickpoints and respective terrace profiles.  
The presence of pronounced knickzones usually suggests that forces acting upon a 
landscape may be imbalanced; that there is a potential for the landscape to be in 
disequilibrium. Our study focuses on a prominent James River knickzone near the town 
of Scottsville, Virginia (Figure 2) in an attempt to answer this question. This is the first 
major knickzone upstream of the Richmond Fall Zone and unlike further up or 
downstream, the gradient in this area is 1.6 m/km over ~5 km (Figure 3). This slope is 
nearly three times greater than the gradient 70 km upstream and over four times greater 
than the gradient 130 km downstream. The nature of the James also changes dramatically 
as it crosses through this knickzone evidenced by the transition from a single thread, 
meandering channel to an anabranching stream with multiple channels. This transition is 
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not observed elsewhere along the entirety of the James. The uniqueness of the area, the 
lack of research previously done in this area, and more importantly, the potential of 
answering the question of equilibrium or disequilibrium provides the impetus and 
significance of this study.   
Knowledge of the relative resistance of the different lithologies is important in 
understanding the nature of the knickzone and if it is propagating upstream through 
lithologies of similar resistance or bound by localized more resistant lithology. 
Furthermore, knowledge of the geologic history is useful in relating this knickzone to 
other knickzones in similar areas. 
The majority of the study area lies in the northwestern section of the Dillwyn 15' 
quadrangle geologic map detailed by Brown (1969). The James River knickzone crosses 
this quadrangle, intersecting the Arvonia and Buffards Formations towards the east, and 
the Evington Group (?) in the west (Brown, 1969). Dating to the lower Paleozoic, the 
Evington Group (?) consists of thick sequence of metagraywacke, scattered metavolcanic 
greenstone sheets, and fine-grained arkosic schists, phyllites, and quartzites. Smith et. al 
(1964) identified three main units in the Evington Group (?); a 450-600 m thick 
paragonite unit, a lower chlorite-muscovite unit (1500-1800 m thick), a thinner middle-
muscovite unit (300-450 m thick), and an upper chlorite-muscovite unit (1200-1500 m 
thick). Jurassic diabase dikes, with a northwesterly trend, crosscut the area (Smith et. al, 
1964). These lithologies represent the products of the closure of the deep-water rear-arc 
basin through arc-continent collision during the Taconic Orogeny (Brown, 1997, 1986).  
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Intensely deformed mélange belts described as the Shores Complex (Brown, 
1986), underlie the furthest downstream extent of knickzone. Consisting of 
metagraywackes, siliceous schists, phyllites, and more resistant allochthonous greenstone 
blocks, the Shores Complex dips to the southeast beneath the Arvonia and Buffards 
Formations (Brown, 1969) and lies unconformably between the volcanic arc rocks of the 
Ordovician Chopawamsic Formation in the east and the rear-arc basinal sediments of the 
Evington and Hardware metagraywacke in the west (Brown, 1986, 1976). Brown (1986) 
notes that the Shores Complex represents the suture between the rear-arc basin and 
volcanic arc. As the James River passes through phyllites and schists to a greenstone 
melange, a general grading downstream into more resistant bedrock occurs.  
Further east, the James River intersects the Arvonia and Buffards Formations. The 
Arvonia Formation is characterized by the Arvonia slate (occasionally fossiliferous), 
metamorphosed schists and conglomeratic schists, and quartzites (Brown, 1969). Located 
along the Arvonia Syncline, the Buffards Formation has a lithology consisting 
predominantly of conglomeratic, pyroclastic or quartz-mica schists (Brown, 1969).  
The dearth of published information, both geologic and pedologic, provides the 
motivation in this study as well as the importance placed on field investigation and 
furthermore, soil analyses. There is no exaggeration in stating that these analyses are 
fundamental in deciphering the region’s geomorphic history and answering the question 
of landscape disequilibrium. Unfortunately, there currently exists only one published soil 
survey for Fluvanna County, to the north of the James River, conducted by the U.S. 
Department of Agriculture (1958).  
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The limitation of USDA (1958) survey in regards to this study is that it focuses on 
the soil’s agricultural attributes. The soil survey separates units relevant to our research 
into the following groups: uplands, colluvial lands, terraces, and bottom lands. This 
survey found numerous terrace levels flanking both the north and south banks of the 
James. Like Fluvanna, Buckingham County is lacking in existing reference material. 
Buckingham County, to the south of the James River, is currently involved in an ongoing 
process of compiling soil surveys, so very little information is available for public 
viewing.  
Following the soil analyses of Dunford-Jackson (1978) we conducted soil and 
cobble analyses of terrace deposits in an effort to distinguish terrace levels and 
reconstruct past longitudinal profiles of the James River. We employed incision rates 
calculated with 10Be cosmogenic radionuclide dating methods of Felis and Hancock 
(2003) in conjunction with our reconstructed profiles to develop a hypothesis on the 
geomorphic state of the James River and consequently, the central Virginia Piedmont. 
Contrary to Davis (1899) and Hack (1960), we hypothesize that the central 
Virginia Piedmont is a landscape in a state of disequilibrium. Moreover, that past 
occurrences and external modulators, either regional or eustatic, are responsible for 
knickpoint genesis and pulses of increased incision. We focus our attention to the 
knickzone on the James River near Scottsville, Virginia, for we believe that this area 
bears an answer, albeit complex, to the question of geomorphologic evolution. 
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We set out to answer several questions: 
1. What is the origin of this knickzone? 
2. Is the knickzone propagating upstream or remaining stationary, bound by 
lithological controls? 
3. What is/are the mechanisms for knickzone genesis? 
4. What can terrace ages tell us about rates of incision? 
5. What is the geomorphic state of the Piedmont? 
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2. Methods.  
2a. Terrace Identification 
Identification of terraces within 5 km up and downstream of the knickzone was 
accomplished through field investigation and mapping during the summer and fall of 
2007.  Four main techniques were used to identify terraces. We began by singling out 
broad, flat areas from the topographic maps. Terraces have these characteristics for the 
treads represent the planar depositional surface, abandoned with the initiation of vertical 
incision. Once these surfaces were targeted on the topographic maps, we visited them in 
the field. Field investigation began by determining if cobbles were present. If cobbles 
were found, then an attempt to establish the strath elevation was made. The strath 
represents the interface between the alluvial material and relict channel bed. This 
elevation is crucial in not only terrace identification, mapping, and determining alluvium 
thickness, but also in reconstructing past longitudinal profiles. The strath elevation was 
constrained using three methods. The preferred and most accurate method was finding 
clast-supported alluvium directly overlying saprolite. This was usually accomplished 
through small-scale digging into the terrace slope. It was important to distinguish 
between material that was clast-supported versus matrix-supported for matrix-supported 
material would indicate colluvium, not alluvium, that had been transported downslope 
through a mass wasting event, not the actual strath. The second method used the highest 
extent of bedrock outcrops or bedrock float if there was a paucity of outcrops as a lower 
constraint of the strath elevation. The third method, considered a last resort, was finding 
the break in slope along the terrace hillside. A break in slope marks the boundary 
between the cover of less resistant, unconsolidated alluvium and the underlying more 
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resistant bedrock. Essentially, the underlying bedrock has a higher angle of internal 
friction than the unconsolidated alluvial material, allowing the bedrock to maintain a 
steeper slope (Figure 4). 
 We conducted transects of the hillsides bordering the north and south banks of 
the James River, usually starting from the base and working upslope, noting changes in 
gradient, furthest upslope extent of bedrock outcrops, strath elevations and cobble 
lithologies. For a majority of the sites, strath elevations were verified at two or more 
locations along the perimeter of the hillside. To determine terrace deposit thickness, we 
used a Brunton compass to survey from the strath elevation to the top of the tread, noting 
the number of eye-heights along the way. Since the tread is the flattest and highest 
surface of a terrace, it was relatively easy to determine on the well-preserved terraces. A 
GeoXT Trimble GPS unit was used to ensure a higher degree of accuracy in pinpointing 
our site locations and after plotting our location on topographic maps, tread elevations. 
The GPS unit, in conjunction with the methods for determining strath and tread elevation, 
gave the narrowed the degree of error of our measure generally to ~1 meter. 
It should be mentioned that maintaining a high degree of accuracy is imperative. 
Considering that the entire drop of the knickzone is on the order of ~15 meters, terrace 
deposit thickness on the order of meters, and that USGS topography quadrangles have a 
resolution on the order of 10 foot contours and cannot be used to corroborate strath 
elevation, the integrity of field measurements is crucial. 
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2b. Soil Analyses 
Various analyses were performed on the soils within the study in an effort to 
relatively date and distinguish not only between floodplain, terrace, and residual deposits, 
but more importantly, to distinguish between distinct terraces levels. In doing so, past 
profiles can be reconstructed, lending insight to the potential of migration of the 
knickzone, incision rates, and mechanisms of knickzone generation. In this study, grain 
size distribution, pH, electrical conductivity, Munsell color, general mineralogy, 
development of B horizon, and elevation above the current level of the James River were 
measured.  
Grain size analysis determines the percentages of sand, silt and clay in a soil 
sample. The sample undergoes two rounds of wet sieving. The first round separates the 
silt and clay size grains from sand sized grains and the second separates the silt-sized 
grains from the clay-sized grains. The samples are heated to remove excess water weight 
and calculations are made to adjust for an initial deflocculant. Grain size analysis can be 
used to relatively date substrate when clay content is considered.  A B horizon signifies 
the zone of illuviation within a soil profile, where predominantly clay minerals that have 
been leached from the surface and A horizon accumulate. Older deposits have 
experienced more illuviation than younger deposits of same spatial region and material 
and therefore, have higher amounts of clay content in the B horizon. Moreover, older 
sediments will have undergone more advanced pedogenesis, resulting in a thicker B 
horizon (Dunford-Jackson, 1978). Naturally, B horizon thickness can be determined by 
noting a sharp transition to higher clay content along the soil profile, usually occurring 
~50 cm, then sharply decreasing at ~150 cm (Dunford-Jackson, 1978).  
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Similarly, measurements of pH can be a tool to relatively date sediments. 
According to Birkeland (1984), H+ binds to colloids that have a high cation exchange 
capacity, or a strong total negative charge on the surface of the colloid. Thus, when soil 
profiles experience extended periods of leaching and accumulation of colloids such as 
clay particles, more H+ cations will be bound to the particles, resulting in a lowering of 
pH to more acidic soils. Consequently, in older soils, more colloids will accumulate to 
form a more developed B horizon with a lower pH than younger soils under similar 
conditions. Essentially, older soils are more acidic than younger soils when comparing B 
horizons. 
Measurements of electrical conductivity (EC), or the total dissolved ions in a 
solution, can be used to relatively date deposits (Birkeland, 1984). Working on the same 
principles as described above with pH, EC would be expected to be greater in older soils 
where more leaching and accumulation of ions has occurred as compared to younger 
soils. Typical ions present in soils are Ca2+, Mg2+, K+, Na+, H+, Cl-, NO3-, SO42-, HCO3-, 
CO32-, and OH- (Birkeland, 1984).  
Finally, redness in soil color, or the rubification, can serve as a means for 
establishing relative ages (Birkeland, 1984). Samples were categorized according to the 
Munsell color scale, which qualifies color according to 1) hue, or the wavelength of light, 
2) value, and 3) chroma (Schaetzl and Anderson, 2005). Hue ranges from R for red, Y for 
yellow, and YR for yellow-red with values from 2.5 to 10. Value ranges from 0 (black) to 
10 (pure white) and describes the lightness or darkness, or intensity of color. Finally, 
chroma refers to color purity, or grayness, on a scale of 0 to 10. The rubification of soils 
can represent one of two things or a combination of both: age and paleoclimate 
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(Birkeland, 1984).  Redder soils may suggest that a deposit is older in age or that the 
sediments were deposited in a warmer climate. Taken at face value, this may cause some 
ambiguities when attempting to relatively date terrace deposits; however, when color data 
is used in conjunction with several different methods, such as pH, grain size, and EC, it 
can prove to be quite useful. 
Ten auger cores were taken from sites both in Fluvanna and Buckingham County 
and represent alluvial and residual structures, from floodplain to low terrace, intermediate 
terrace, high terrace, and to residual upland (Figure 5). Auger cores were extracted using 
a 16 cm bucket hand auger. Sediments from each bucket extraction were laid end to end 
on a tarp, given descriptions of Munsell color, general mineralogy, stickiness, and 
plasticity. The samples were then bagged and sealed, with their corresponding depths 
noted. Auger samples ranged from 1.4 to 2.3 meters in total depth (See Appendix 1).  
Of the ten auger cores, two sites are located outside of our study area and 
therefore were not included on Figure 5. These are the Minor and the White terraces, 
respectively up and downstream from the knickzone and were previously cosmogenically 
dated to be 1.02 +/- 0.10 Ma and 1.19 +/- 0.12 Ma by Felis and Hancock (2003).   
Core LP0610071 represents soil from a residual upland surface at an elevation of 
420 feet ASL and 180 feet above the James River. This surface is located within the 
Hardware Wildlife Management Center (HWMC) bounds.  
The following seven cores represent fluvial terrace deposits. Core WHITE is from 
the White property terrace with a tread elevation of 430 feet, and is 240 feet above the 
James River. Core MINOR has a tread elevation of 420 feet, is 170 feet above the James 
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River, and is from the Minor property about 10 km upstream from the knickzone. Core 
LP0609073 is from a terrace on the Borden property, having a tread elevation of 380 feet 
and is 140 feet above the James River. Core LP0916072 was taken from a very degraded 
terrace on the Wilmoth property, Buckingham County, with tread scarps at a lower 
estimate of 330 feet and is at 120 feet above the James River. Core LP0611074 has a 
tread elevation of 320 feet, is 80 feet above the James River, and is on the Lee property. 
Core LP0608075 has a tread elevation of 310 feet, is 70 feet above the James River, and 
is on the Hunt property. Core LP0628073 is from a lower fluvial surface on the Hickey 
property, has a maximum elevation of 240 feet, and is 30 feet above the James River.  
Core LP0628073 is also from the Hickey property, representing floodplain soil, at 
an elevation of 220 feet, and 10 feet above the modern James River stage. Core 
GH0608075 is also floodplain soil, at an elevation of 250 feet, also 10 feet above the 
James River from the banks of the intersection of the James and Hardware rivers. All of 
these values are summarized in Table 1. 
Grain size analyses were conducted for nine of the ten auger cores, including the 
Minor and White terraces. Auger core LP0628072 was omitted. Core GH0608071, 
located at a similar elevation above the James River, typified a floodplain sample; in the 
interest of time and keeping in mind that the main purpose was to determine terrace 
levels, only one floodplain core was chosen. 
2c. Cobble Analyses 
 Cobble analyses were conducted for the main purposes of determining their 
provenance and consequently, distinguishing primary from tributary channel terraces. 
 17 
Tributary channel terraces would not have cobbles of lithologies outside of their drainage 
basins. Generally, about ten cobbles were randomly sampled from every surface that was 
identified as a terrace; however, not all were brought back to the lab for analysis. While 
in the field, the sampled cobbles were split and notes were taken on general cobble 
mineralogy, potential lithology, general abundance, and evidence of transport in the form 
of percussion marks and degree of rounding.  
2d. Longitudinal Profiles  
USGS topography maps of the Scottsville, Palmyra, Columbia, Diana Mills, 
Arvonia, and Lakeside Village 7.5 minute quadrangles provided the basis for the 
preliminary construction of longitudinal profiles. Using a map distance wheel, kilometer 
marks and contour-crossings were noted and plotted using Kaleidagraph. Both channel 
and valley longitudinal profiles were generated for the James River and its major 
tributaries, Holman Creek, Bear Garden Creek, Bremo Creek, Rockfish Creek, Slate 
River, Adams Creek, Little Georgia Creek, and Hardware River. Longitudinal profiles 
can be useful in determining the nature of the knickzone. If this knickzone were 
migrating upstream, the tributaries closest to the knickzone would have knickpoints near 
the confluence with the primary channel. Likewise, the tributaries furthest from the 
knickzone would have knickpoints that had propagated further upstream the tributary 
channel. A greater time would have elapsed since the primary knickzone passed through 
and the tributary would have adjusted its profile, creating essentially a hanging valley. 
Zaprowski et. al (2001) describe the transmission of the signal of a migrating knickzone 
as an “erosional front” of knickpoints through tributaries as the knickzone passes. 
Alternatively, if the knickzone were bound by lithological controls, one would expect to 
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see convexities on the primary and tributary profiles as the channels cross more resistant 
lithology.  
2e. Digital Mapping 
Field data was digitally mapped at a 1:12,000 scale through ESRI ArcGIS 
software. The aforementioned 7.5 minute quadrangles were georeferenced and projected 
in Universal Transverse Mercator Zone 17 North, National American Datum 1927 to 
serve as a base layer upon which mapping could occur. GPS data was first differentially 
corrected to the UVA-Fan Mountain base station and then site names, corrected 
coordinates, strath locations, cobble extent and general notes about the site were entered 
into a spreadsheet. This spreadsheet was imported into GIS and in turn, projected upon 
the topographic base layers. Finally, terrace deposit thickness, extent and strath elevations 
were digitized and symbolized according to terrace level inferences. 
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3. Data and Results. 
3a. Soil Analyses 
Figure 6 shows the data of each cores of percent clay over depth. Note that left to 
right represents a progression from cores of a higher elevation above the James River to 
lower elevations, essentially residual upland to terraces to floodplains. Average and 
maximum clay values were the average and maximum within the B horizon. 
The Hardware Wildlife Management Center sample clay content ranged from 11-
59% clay, taken to a depth of 173 cm, had a B horizon of ~60 cm, an average clay 
content of 53% and maximum of 59%. The White sample clay content ranged from 34-
62%, had a total depth of 200 cm, a B horizon of ~100 cm, an average clay content of 
51% and maximum of 62.5%. The Minor sample clay content ranged from 50-56%, had a 
total depth of 200 cm, a B horizon of ~175 cm, an average clay content of 53% and 
maximum of 56%. The Borden sample clay content ranged from 19-63%, had a total 
depth of 229 cm, a B horizon of ~128 cm, an average clay content of 62% and maximum 
of 67%. The Wilmoth sample clay content ranged from 9-53%, had a total depth of 140 
cm, a B horizon of ~85 cm, an average clay content of 45%, and maximum of 53%. The 
Lee sample clay content ranged from 22-58%, had a total depth of 220 cm, a B horizon of 
~140 cm, an average clay content of 54%, and maximum of 58%. The Hunt sample clay 
content ranged from 2-49%, had a total depth of 230 cm, a B horizon of ~137 cm, an 
average clay content of 45%, and a maximum of 49%. The Hickey sample (LP0628073) 
clay content ranged from 10-37%, had a total depth of 185 cm, a B horizon of ~18 cm. an 
average clay content of 36%, and maximum of 37%. The Hardware floodplain sample 
clay content ranged from 9-20%, had a total depth of 157 cm, a B horizon thickness of 
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~24 cm, average clay content of 17% and maximum of 17%. Considering the values over 
depth there are no obvious or conclusive trends in the data for clay content or B horizon 
thickness. Appendix 1 and 2 detail these results. 
Figure 7 illustrates the raw measurements over depth for pH and electrical 
conductivity (EC) analyses. For the Hardware Wildlife Management Center sample, the 
minimum pH was 7.46, the average pH was 7.82, the average EC was 132.4 µS, and the 
maximum was 162 µS. For the Borden sample, the average pH was 5.27, the minimum 
was 5.05, the average EC was 12.5 µS, and the maximum was 22.5 µS. For the Lee 
sample, the average pH was 5.32, the minimum was 5.14, the average EC was 8.8 µS, 
and the maximum was 21.5 µS. For the Hunt sample, the average pH was 5.18, the 
minimum was 4.72, the average EC was 16.5 µS, and the maximum was 21.0 µS. For the 
Hickey (LP0628073) sample the average pH was 5.53, the minimum pH was 6.07, the 
average EC was 30 µS, and the maximum was 49.2 µS. The Hickey floodplain sample 
(LP0628072) had an average pH of 6.31, a minimum pH of 6.07, an average EC of 12.4 
µS, and a maximum of 17.6 µS. Finally, the Hardware floodplain sample had an average 
pH of 7.01, a minimum pH of 6.98, an average EC of 7.2 µS, and a maximum of 7.2 µS. 
On first glance there seems to be no obvious trends in the data.   
Figure 8 illustrates the raw measurements over depth for Munsell color. The 
Hardware Wildlife Management Center soils had an average color of 2.5 YR, and a 
gradual reddening occurred. The Borden soils were consistently 2.5 YR. The Lee soil 
transitioned from 10R soils to deeper 2.5YR soils. A gradual reddening and a 
predominance of mottling occurred on the Hunt soils. The Hickey (LP0628073) soils 
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exhibited a general lightening towards 10 YR over depth. The Hickey and Hardware 
floodplain soils are consistently 10YR. Apparent from the color data is an overall trend of 
lightening of soils as one transitions from residual upland to terrace to floodplain. 
Admittedly, the data seems at first to provide very little in terms of being able to 
distinguish residual upland from terrace, or older terrace from younger terrace. 
Systematically from upland to terrace to floodplain, clay content and B horizon thickness 
does not decrease, pH does not become increasingly more basic, and electrical 
conductivity does not consecutively decrease. The only analysis that exhibits slight trends 
is a lightening in Munsell color toward floodplain soils. When scrutinized separately and 
merely over depth, the data for all soil analyses are complex, at times conflicting, and 
therefore, are difficult to interpret. However, when values are plotted against elevation 
above the James River, trends begin to emerge. We base our emphasis on elevation above 
the modern river stage after the Master’s thesis of Dunford-Jackson (1978), whose 
methods were successful in relatively dating terrace deposits of the Rappahannock River 
through analyses of soil clay content, pH and Munsell color.  
 Figure 9a and 9b respectively plot maximum and average clay percent of the B 
horizon over elevation above the James River. Both graphs generally exhibit analogous 
concave up trends, much more suggestive of terrace level distinctions than graphs of clay 
content over depth. Figure 10a and 10b respectively plot maximum and average pH of the 
B horizon over elevation above the James River. These plots also exhibit a similar 
concave-up distribution as Figure 5 and 6, with samples falling in similar order along that 
trend. The analogous trends for both clay content and pH suggest that height above the 
modern river stage is a good surrogate for age within this study area; an increase in height 
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generally corresponds for an increase in age, when plotted against clay content and pH. If 
elevation above the river were not a good surrogate, one would expect the graphs to 
exhibit a scatter of points, instead of the trends that are shown in Figures 9-10. 
  Figure 11a and 11b respectively plot maximum and average EC of the B horizon 
over elevation above the James River. Interestingly, the graphs for maximum and average 
electrical conductivity of the B horizon soils over elevation above the James River do not 
exhibit any strong trends. Additionally, the data are mainly concentrated at lower EC 
values. This may indicate that contrary to common notion, EC may not be a reliable 
proxy in relatively dating surficial deposits within this study area. The unreliability of the 
EC analyses also reinforces the need for various analyses in dating sediments.  
3b. Cobble Lithologies 
Dominant cobble lithologies emerged from field investigations. The first is characterized 
as a mature quartz arenite. Because the mineralogy was almost exclusively quartz, the 
cobble interior was white to grey. The second lithology was a similar arenite but had a 
tan, more opaque interior, most likely due to an original ~5-10% feldspar concentration, 
now preserved in the form of weathered clay ghosts. The third cobble lithology was a 
pure, very mature, well-cemented sandstone, distinctly bearing Skolithos trace fossils. 
The fourth lithology of cobbles of the James River terraces was similar to the previous 
lithology except for the fact that it was slightly less cemented and had a distinct dusky red 
color. The final lithology was had an unmistakable purple-red matrix, was very fine 
grained, and seemed predominantly to consist of quartz and an interstitial cement that 
was not identifiable in the field. However, under thin section, we identified the cement as 
hematite (Figure 15). 
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4. Discussion.  
4a. Terrace Level Interpretation 
Considering the graphs of maximum and average clay, pH, and color over 
elevation above the James River, we have identified three distinct terrace levels. Coupled 
with field investigation, we have determined that a total of six terrace levels and two 
floodplain levels exist along the Shores to Scottsville reach of the James River (Figure 
12).  
The lowest terrace, T1, is the Hickey sample (LP0628073). These soils have an 
average and maximum clay content around 37%, slightly higher than floodplain soils at 
~18%, but not higher than surfaces at higher elevations above the James River. The T1 
soils are also slightly more acidic than floodplain soils with pH values around 5.4, but not 
more acidic than higher terraces. T1 terraces within our study area are very degraded and 
poorly preserved. 
The Lee and Hunt samples represent T2 terrace soils in that they have a higher 
clay content than the Hickey T1 surface, are redder (10R compared to 10YR of T1 and 
floodplain soils) and are slightly more acidic than T1 soils. T2 terraces have a mantle of 
alluvium that is generally ~ 10 meters thick. 
T3 terraces were determined to be discretely different from T2 and T4 terraces 
through in-field observations of strath and tread elevation. Additionally, the T3 terraces 
are very poorly preserved and remain as small scraps with maximum elevations at 330 
feet. T3 terraces have a degraded alluvial cover that is ~3 meters thick. 
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The Borden, Minor, and Wilmoth samples represent T4 terrace soils. The Borden 
terrace is more clay-rich and acidic than the T2 terraces. While the Minor and Wilmoth 
terraces have similar clay content as the T2 terraces, both surfaces are topographically 
well above the Hunt and Lee terraces and closer in elevation to the Borden surface, 
strongly suggesting that the Minor and White terraces represent an older terrace than the 
T2 Hunt and Lee terraces. The alluvial cover for T4 terraces is ~12-14 meters thick.  
The T5 terrace surface was identified as a distinctly different level from the T4 
surface through field investigation. There is one example of the T5 terrace in the area; it 
is located on the topographically highest extent of the Lee property. It is characterized by 
2.5YR-10R soils, is degraded, and at a maximum elevation of 420 feet. The T5 terraces 
have a mantle of alluvium that is ~12 meters thick. 
The White terrace represents the highest and oldest terrace in the area, a T6 
terrace level. It soils are over 50% clay, it rests at the topographically highest elevation 
above the modern James River of any terraces in the area and has been cosmogenically 
dated by Felis and Hancock (2003) to be older than the T5 Minor terrace. The T5 terraces 
are covered by ~12 meters of alluvium. 
4b. Soil Identification 
 Following the completion of soil analyses, samples were identified using the 
Department of Agriculture’s 1958 soil survey as a base reference. In some cases, our 
interpretations were not consistent with the original identifications. 
 We identified the HWMC core as Madison Series soils. These upland soils are 
derived from saprolitized quartz muscovite schist and contain scattered mica flakes. 
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Additionally, the surface soils are usually lighter in color (more yellow on the Munsell 
Color scale). Our color data shows that the HWMC core ranged from 5Y to 10YR in the 
first 50 cm of the profile, supporting the claim that it is indeed Madison soil. Madison 
soils also have quartz stones and pebbles studding the profile, inferred to be vein quartz 
that has been differentially weathered out of the quartz muscovite protolith. Originally, 
this location was mapped as a high terrace of Hiwassee soils; however, field 
investigations suggest that in this location they are associated with development of 
residual soil on bedrock. 
We identified the White, Minor, Borden, and Wilmoth samples as Hiwassee 
Series, characterized as the highest terraces in the area and the reddest soils. It is 
characterized as clay-rich, up to 50 feet thick, moderate organic matter, and having an 
average pH around 5.4. This is generally consistent with past interpretations and 
mapping. It should be noted that in-field investigations showed that Wilmoth alluvium 
was much thinner than 50 feet due to intense degradation.  
Lee and Hunt samples were identified as the Masada Series, soils of intermediate 
terraces. The Masada soils are lighter in color, contain less clay, and are generally more 
acidic than the Hiwassee soils, usually under 5.0 and most likely due to the parent 
composition of the soil. The striking characteristic about these soils is that grey, yellow, 
red and white mottlings may occur below a depth of 60 cm. Mottling of this kind did 
indeed occur from ~80-200 cm in the Hunt soils. While the Lee sample did not exhibit 
mottling, it is at a lower elevation above the James River than the White, Minor, Borden, 
and Wilmoth terraces, is lighter in color and strongly acidic (under 5.0), fitting the 
description of Masada soils. 
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The Wickham Series soil comprises the lowest terraces that do not experience 
regular flooding. For this reason, the Hickey sample (LP0628073) can be considered 
Wickham soil. This soil has a wide range of acidity, is well drained, is browner in color 
and is at low elevations above the modern river stage. An informal interview with the 
owners of the Hickey property places this surface right above the 70-100 year floodplain. 
 The Hickey floodplain and Hardware augers both represent Congaree Series soils. 
These soils are the brownest, frequently overflowed by primary and tributary channels, 
have high organic matter, and are generally less acidic, with pH values around 5.6. The 
Fluvanna soil survey is consistent with our interpretations.  
4c. Cobble Lithologies 
The Chilhowee Group and Juniata, Oswego, Tuscarora, and Keefer Formations 
are the predominant lithologies of the cobbles found on James River terraces, with the 
majority consisting of the Chilhowee Group. The Chilhowee Group is comprised of three 
main units along its Virginia extent. At the base, overlying the pre-Cambrian Catoctin 
greenstone is the Weverton Formation. At 400-500 meters thick, the Weverton Formation 
represents an alluvial fan to braided stream transition, evidenced by the presence of 
pebble conglomerates to finer grained feldspathic sandstones and two distinct basalt 
layers. Sediments are generally medium to coarse grained, subarkosic to arkosic arenites 
(Simpson and Eriksson 1989, Cudzil and Driese, 1987). Overlying the Weverton is the 
Harpers Formation. The Harpers Formation consists of four facies: 1) quartz arenite, 2) 
lithic and feldspathic arenite, 3) wacke, and 4) shale (Schwab, 1971). In terms of general 
mineralogy, quartz clasts have been noted to contain zircon and tourmaline inclusions, 
orthoclase and microcline are the most prevalent feldspar varieties, and interstitial 
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hematite and carbonate cement occur locally (Schwab, 1971). Based upon the facts that  
facies two (2) of the Harpers Formation is spatially extensive, relatively resistant and 
contains a distinctive hematite cement, it is possible that cobbles found with these 
characteristics are indeed of the Harpers Formation. However, it should be noted that the 
Juniata Formation, while not as extensively exposed as the Harpers Formation within the 
James River basin, also is characterized by a fine-grained claystone with hematite 
cement, and could be the provenance of some of the cobbles found on the James River 
terraces. 
 Above the Harpers Formation is the Antietam Formation, 130-400 meters thick, 
almost entirely consisting of mature, very resistant, well-cemented sandstones and 
quartzites. The distinguishing characteristic of this formation is the ubiquity of Skolithos 
tubes (Schwab, 1970). Overall, the Chilhowee Group represents a rift to drift transition 
during the Iapetan rifting sequence and crops out in the Blue Ridge Province within the 
James River watershed (Figure 13). Figure 14 is an example of a Chilhowee cobble thin 
section, Weverton Formation, found on a James River terrace within the study area. Note 
dominant mineralogy of quartz and feldspar. The Chilhowee cobbles have traveled over 
150 kilometers to be deposited on James River terraces within the study area. 
Further upsequence and cropping out along the Valley and Ridge province are the 
Ordovician Juniata and Oswego Formations. Described by Thompson (1970) as the 
Pennsylvanian lateral equivalent Bald Eagle Formation, the Oswego Formation is 
lithologically similar to the Juniata Formation and signifies a gradational contact and 
color change from unfossiliferous “drab” sandstones to the red beds of the Juniata. The 
depositional environment of the red sandstones and siltstones of the Juniata Formation 
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has been interpreted to be nearshore deltaic to tidal environments (Driese and Lincoln, 
1992). The fine-grained claystone of the Juniata Formation consists of well-ordered illite 
and has a distinct red color, generally 5R, caused by the presence of hematite (Driese & 
Lincoln, 1992). Under thin section, the hematite in a Juniata cobble is readily apparent 
(Figure 15). Travel distances for Juniata and Oswego cobbles are on the order of 300 
kilometers. 
Conformably above the Juniata Formation are the Silurian Tuscarora and Keefer 
Formations (the Rose Hill Shale lies between the Tuscarora and Keefer Formations and 
will be discussed later). The Tuscarora is a dominantly pure, mature, and very well 
cemented quartz sandstone with secondary quartz cement (Heald & Anderegg, 1960). 
The lower and redder Skolithos-bearing facies have been interpreted as a fine-grained 
quartz arenite to subgraywacke deposited in a nearshore marine environment (Folk, 
1960). Several of these cobbles were found within the study area (Figure 16). The Keefer 
Formation ranges from immature to supermature quartzites to subgraywacke sandstones 
deposited in a back-barrier barrier island sequence (Folk, 1960).  Due to the fact that the 
very limited exposure in Virginia, it is unlikely that many cobbles on James River 
terraces were of the Keefer Formation. Like the Juniata and Oswego cobbles, the 
Tuscarora and Keefer cobbles have traveled over 300 kilometers to become deposited on 
James River terraces in the study area. 
While the Rose Hill Formation has hematite-bearing sandstone facies (5-20% 
hematite cement) it should not be confused with the Juniata Formation for the Rose Hill 
facies taper out in extent and thickness to the south from Pennsylvania into West Virginia 
and Virginia (Folk, 1960). Because of the paucity of exposure in the James River 
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watershed, it is reasonable to assume that the hematite-bearing cobbles are more likely of 
the Juniata or Harpers Formation. 
The origins and lithologies of the James River terrace cobbles are an important 
aspect in understanding of paleo-hydrologic nature of the river, for one can deduce that 
the James River had enough stream power to erode, entrain, transport and round these 
lithologies. Also, it can be deduced that the headwaters of the James extended to the Blue 
Ridge realm of these lithologies and that the watershed probably has not changed 
significantly since the genesis of the terraces in our study area. 
4d. Longitudinal Profiles 
Using the terrace level distinctions made from soil and in-field analysis, terrace 
profiles were plotted above the modern longitudinal profile of the James River. Figure 17 
shows the strath and tread elevations for terraces identified in this study or in past 
research (Felis and Hancock, 2003) above the modern longitudinal profile of the James 
River. Paleo-profiles connect the straths of terraces of similar ages and same levels. Upon 
viewing the succession of profiles, from T2-T6, it is clear that the modern profile of the 
James River is paralleled over time, indicating a stationary knickzone. That is not to say 
that there wasn’t some ambiguity in producing these lines. However, the most 
parsimonious interpretation based on our results is that the terrace levels parallel the 
modern profile. It is possible that knickzones initiated from periods of base level 
lowering have migrated up to this region of more resistant lithology and have been 
responsible for pulses of increased incision; thus, producing the various terrace levels. 
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Additional ongoing research of this knickzone, conducted by a fellow William & 
Mary undergraduate, Karl Lang, has reinforced our hypothesis of a stationary knickzone. 
Lang found that more resistant lithology in the form of allocthonous greenstone blocks of 
the Shores Complex, has immobilized the knickzone, with the James retaining analogous 
profiles for the past ~1.19 million years (Felis and Hancock, 2003).  The significance of 
these greenstone blocks is not readily apparent until considered at small-scale surveying. 
At this scale, the James River profile has discrete, subvertical drops, with 50-60% of 
these drops occurring across a more resistant greenstone, quartz and tonalite lithology 
(Lang, 2008). This harder lithology and consequently, the greatest change in gradient, is 
concentrated at the base of the knickzone near the town of Shores.  
Since there is a upstream grade of less resistant lithology, it is possible that the 
Shores mélange is proving to be an anchor point, about which the knickzone has adjusted 
its slope over time, generating a shallower slope in the upper reaches and a steeper slope 
in the reaches within the Shores mélange, as vertical incision occurs.   
The longitudinal profiles of the main tributaries of the James River also support 
our interpretation of a stationary knickzone. Tributary channels exhibit pronounced 
convexities along their reach, usually below the elevation of the T2 terrace (Figure 18). It 
can be inferred that a period of increased incision since the abandonment of the T2 
terrace surface has generated these knickpoints. Figure 19 is an aerial view of the James 
River and tributary knickpoints overlain above 1993 Virginia Division of Mineral 
Resources State Geologic Map (1993). It suggests that the Shores Complex lithologically 
binds the knickpoints on the Slate River and Bremo Creek. The knickzones of the other 
major tributaries may have initiated in response to the profile of the primary channel 
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adjusting its slope about the anchor point of harder lithology originating at the Shores 
mélange.  
Using reconstructed paleo-profiles in conjunction with existing 10Be cosmogenic 
radionuclide dates (Felis and Hancock, 2003), constraints on the rates of incision were 
determined. These rates represent a minimum estimate following the logic of Hancock 
and Anderson (2002) that posited that terrace genesis involves long periods of lateral 
planation, punctuated by short bursts of more rapid vertical incision. Presently, 
quantifying the time of lateral planation has not been accomplished so available incision 
rates, those based on 10Be dates of terrace treads (zones of lateral planation), are 
misrepresentative of actual rates of solely vertical incision. The authors of this study 
acknowledge that quantifying the time of lateral planation in terrace genesis would be an 
interesting, not to mention, important, avenue of future research.  
Felis and Hancock (2003) found that the T6 White terrace was 1.19 +/- 0.12 Ma. 
Further upstream from the White terrace, Felis and Hancock dated two terraces at 1.16 
+/- 0.11 Ma and 1.10 +/- 0.10 Ma. The Minor terrace was dated to 1.02 +/- 0.10 Ma and 
one other T4 terrace was dated to 1.01 +/- 0.10 Ma. Incision rates of the T6 to T4 ranged 
49-59 meters/Ma. Incision rates of the T4 terrace to the modern stage of the James River 
were on the order of 35-40 meters/Ma (Figure 20). 
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5. Conclusion. 
Based on extensive field investigation and analyses of soil clay content, pH, 
Munsell color, and electrical conductivity, we have identified six terrace levels. Based on 
these soil analyses we have determined that within this study area, elevation above the 
James River is a viable proxy for age and that electrical conductivity analyses may not be 
suited for this area. Moreover, reconstruction of the terrace profiles suggests that this 
knickpoint is stationary, bound by more resistant lithology of the Shores mélange 
throughout the base and a general grading upstream into less resistant metasedimentary 
lithology. Additionally, convexities along tributary profiles imply that increased incision 
has been occurring since the abandonment of the T2 terrace level. 
Incision rates far exceed Piedmont upland lowering rates of 4-20 m/Ma presented 
by Pavich (1989). The fact that the incision rates are on average, an order of magnitude 
greater than rates of landscape lowering suggests that topographic relief has been 
increasing in the Piedmont over at least the past ~1.2 million years. Considering this case 
to be true and following Hack’s theory of dynamic equilibrium (1960), the Piedmont can 
be considered to be a landscape in disequilibrium.   
We suggest that the mechanism responsible for pulses of increased incision, and 
consequently, landscape disequilibrium is climate-induced base level instability over at 
least the past ~1 Ma (Dunford-Jackson (1978), Harbor (2005), Reusser (2004)).  
However, future research should be conducted to more concretely determine whether 
other mechanisms such as tectonic forcings (Pazzaglia and Gardner, 1993) might have a 
significant role. Also, to compliment our results, cosmogenic dating on terraces within 
knickzone should be done, and more extensive and quantitative hardness tests on 
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lithology (Selby, 1980). Another avenue of future research would be to follow similar 
methods as Lindsey et. al (2007) and more thoroughly examine James River cobbles, 
especially in comparing cobbles from the terraces to cobbles in the modern-day James 
River channel. Cobble studies may be the next step in answering outstanding questions 
on the geomorphic state of James River and Piedmont. 
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8. Figures. 
 
                    a.) 
b.)  
 
 
Figure 1. Idealized longitudinal profiles illustrating a.) a migratory knickzone initiated in 
response to base level fall or tectonic uplift and b.) a stationary knickzone generated by 
localized more resistant lithology. Blue lines indicate tributary profiles, while dashed 
lines indicate terrace profiles. A migrating knickzone produces terrace profiles that 
extend from the top of the knickzone, and has downstream tributary profiles that exhibit 
convexities at similar elevations as the top of the knickzone. Tributaries upstream of the 
knickzone would not exhibit marked convexities. The terraces of a stationary knickzone 
parallel the profile of the modern channel, while the tributaries of a stationary knickzone 
exhibit convexities as the tributary crosses more resistant lithology. 
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Figure 2. Map of James River watershed above Columbia, Virginia . Our study area 
(white box) focuses on the first major knickzone upstream from the Richmond Fall zone 
and is located slightly downstream of Scottsville, Virginia. 
 
Figure 3. Longitudinal profile of the James River. Highlighted is the knickzone of this 
study. 
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Figure 4. Cartoon of terrace cross-section illustrating changes in slope from 
unconsolidated alluvial material to more resistant bedrock. Ideally, this break in slope 
represents the strath elevation.  
 
 
Figure 5. Aerial view of the eight auger locations within the study area. Minor and White 
samples were collected from terraces ~10 km up and downstream, respectively (refer to 
Felis and Hancock, 2003). 
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Auger Sample Elevation of Tread Elevation above James 
River 
Site Location 
LP0610071 420 180 HWMC 
WHITE 420 240 White property 
MINOR 430 170 Minor property 
LP0609073 380 140 Borden property 
LP0916072 330 120 Wilmoth property 
LP0611074 320 80 Lee property 
LP0608075 310 70 Hunt property 
LP0628073 240 30 Hickey property 
LP0628072 220 10 Hickey floodplain 
GH0608071 250 10 Hardware River 
floodplain 
Table 1. Tread elevation and height above the modern elevation of the James River for all 
ten soil samples. 
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Figure 6. Data of clay content in percent over depth (cm) from grain size analysis of nine 
of the ten auger cores. In the interest of time, only one floodplain sample was included 
for analysis; the Hickey floodplain sample, LP0628072, was omitted. Note no readily 
apparent trends from residual upland to terrace to floodplain in clay content or B Horizon 
thickness.  
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Figure 7. Data of pH, in red, and electrical conductivity (EC), in blue, over depth (cm) for 
seven of the ten total soil samples. Samples Minor, White and Wilmoth were taken at a 
later time and therefore were not processed for pH and EC analyses. Note no readily 
apparent trends from residual upland to terrace to floodplain in either pH or EC. 
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Figure 8. Data of Munsell color over depth (cm). Samples Minor, White and Wilmoth 
were taken at a later time and therefore were not processed for color analyses. Note slight 
trends in lightening (more yellow) as approach younger floodplain soils. 
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a.) 
 
 
b.) 
 
 
Figure 9. Graph of a.) maximum clay content (%) and b.) average clay content (%) in the 
B horizon versus elevation above the James River for nine of the ten auger cores. Only 
one floodplain sample was included for analysis; the Hickey floodplain sample, 
LP0628072, was omitted. Note general concave up trend of increasing maximum and 
average clay content with elevation above the James River. Trend indicates that elevation 
above the modern river is a good surrogate for age when used with clay content. 
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a.) 
 
b.) 
 
Figure 10. Graph of a.) minimum pH and b.) average pH of the B horizon over elevation 
above the James River for seven of the ten auger cores. Samples Minor, White and 
Wilmoth were taken at a later time and therefore were not processed for pH analyses. A 
general increase in pH (more basic) trend occurs for both graphs as approach floodplain 
soils. Trend indicates that elevation above the modern river is a good surrogate for age 
when used with pH.  
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a.) 
 
b.) 
 
 
Figure 11. Graphs of a.) maximum electrical conductivity and b.) average electrical 
conductivity in the B horizon over elevation above the James River of seven of the ten 
soil samples. Samples Minor, White and Wilmoth were taken at a later time and therefore 
were not processed for EC analyses. Interestingly, this graph does not exhibit any 
apparent trends, implying that EC may not be a good proxy for relative dating in this 
study area.  
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Figure 12 (See attached). Map of surficial and bedrock interpretations (Lang, Parker, and 
Hancock, 2008) with terrace level distinctions at 1:30,000 scale.  
 
 
 
 
 
 
 48 
 
 49 
Figure 13. Shaded relief map illustrating outcrop belts of cobbles of Tuscarora, Keefer, 
Juniata, Oswego, and Chilhowee lithologies.  
 
Figure 14. Thin section of cobble interpreted to be Weverton Formation. Note dominant 
interlocking quartz and minor feldspar mineralogy. Feldspar is microcline variety. 
Sample also contains trace zircon grains (not shown in figure). 
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Figure 15. Thin section of cobble interpreted to be either Harpers or Juniata Formation. 
Note red, semi-transparent hematite cement. Sample also contains trace zircon and 
tourmaline grains (not shown in figure). 
 
 
Figure 16. Picture of cobble interpreted to be Tuscarora lithology due to the ubiquity of 
Skolithos tubes and red coloration. Skolithos are oriented parallel to the marker (for scale) 
in this figure. 
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Figure 17. Longitudinal profile of the James River with T2, T4, T6 terrace level paleo-
profiles interpretations based on our soil analyses of grain size, pH, EC, and Munsell 
color. As shown in the figure, Terrace profiles generally parallel the knickzone, 
suggesting it is stationary. Current research (Lang, 2008) has suggested allochthonous 
greenstone blocks of the Shores mélange are largely responsible for the immobilization of 
this knickzone. It is possible that downstream knickzones have migrated up to this region 
of more resistant lithology and have been responsible for pulses of increased incision; 
thus, producing the various terrace levels. 
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Figure 18. Longitudinal profile of the James River and major tributary profiles with T2 
terrace level interpretation. Tributary channels exhibit pronounced convexities along their 
reach, usually below the elevation of the T2 terrace. It can be inferred that a period of 
increased incision since the abandonment of the T2 terrace surface has generated these 
knickpoints. 
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Figure 19. Illustration of James River knickzone with locations of prominent knickpoints 
on major tributaries. Overlain on the Virginia Division of Mineral Resources State 
Geologic Map (1993). Note that Slate and Bremo knickpoints generally align with more 
resistant Shores Complex, an intensely deformed mélange belt studded with greenstone 
blocks. In current research, the Shores Complex has been extended slightly more to the 
west, even more strongly suggesting that the Bremo, Slate, and James River knickzones 
may be lithologically controlled. The knickzones of the other major tributaries may have 
initiated in response to the profile of the James River increasing slope about the anchor 
point of harder lithology originating at the Shores Complex. 
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Figure 20. Longitudinal profile of the James River with incision rates generated using 
these 10Be cosmogenic radionuclide ages established by Felis and Hancock (2003). The 
fact that the incision rates are on average, an order of magnitude greater than rates of 
landscape lowering (Pavich, 1989) suggests that topographic relief has been increasing in 
the Piedmont over at least the past ~1.2 million years. Because relief is being generated 
and following Hack’s theory of dynamic equilibrium (1960), the Piedmont can be 
considered to be a landscape in disequilibrium.  
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9. Appendices. 
Appendix 1. Grain size data for nine of ten samples. LP0628072 was omitted.  
Sample Name vol calgon 1st mass  
Al dish 
1st 
sample 
+dish 
calgon 
weight 
mud 
fraction 
mud 
weight 
x50 
2nd mass 
al dish 
2nd 
sample+
dish 
calgon 
weight 
clay 
fraction 
clay x50 silt 
fraction 
sand 
fraction 
total 
weight %san
d %silt %clay 
LP0610071                  
0 10 mL 0.9968 1.1987 0.0266 0.1753 8.765 1.0025 1.0606 0.0266 0.0315 1.575 7.19 4.8895 13.6545 35.81 52.66 11.53 
17 10 mL 0.9922 1.1725 0.0266 0.1537 7.685 0.9779 1.0363 0.0266 0.0318 1.59 6.095 6.785 14.47 46.89 42.12 10.99 
29 10 mL 0.978 1.2115 0.0266 0.2069 10.345 0.9851 1.085 0.0266 0.0733 3.665 6.68 4.9346 15.2796 32.30 43.72 23.99 
37 10 mL 1.0101 1.2878 0.0266 0.2511 12.555 1.0004 1.1697 0.0266 0.1427 7.135 5.42 2.8666 15.4216 18.59 35.15 46.27 
46 10 mL 0.9982 1.2728 0.0266 0.248 12.4 1.0064 1.2032 0.0266 0.1702 8.51 3.89 2.0809 14.4809 14.37 26.86 58.77 
59 10 mL 1.0025 1.2851 0.0266 0.256 12.8 1.009 1.2077 0.0266 0.1721 8.605 4.195 2.2129 15.0129 14.74 27.94 57.32 
65 10 mL 1.0022 1.2724 0.0266 0.2436 12.18 1.0072 1.1946 0.0266 0.1608 8.04 4.14 2.8343 15.0143 18.88 27.57 53.55 
74 10 mL 0.98 1.2538 0.0266 0.2472 12.36 0.9957 1.1842 0.0266 0.1619 8.095 4.265 2.3347 14.6947 15.89 29.02 55.09 
81 R 10 mL 0.9785 1.2368 0.0266 0.2317 11.585 0.9766 1.1375 0.0266 0.1343 6.715 4.87 3.2656 14.8506 21.99 32.79 45.22 
92 10 mL 0.9782 1.2553 0.0266 0.2505 12.525 1.0049 1.201 0.0266 0.1695 8.475 4.05 2.1364 14.6614 14.57 27.62 57.80 
92 R 10 mL 1.0083 1.278 0.0266 0.2431 12.155 1.0033 1.1952 0.0266 0.1653 8.265 3.89 2.1224 14.2774 14.87 27.25 57.89 
102 10 mL 0.9856 1.2675 0.0266 0.2553 12.765 1.0302 1.2299 0.0266 0.1731 8.655 4.11 2.0173 14.7823 13.65 27.80 58.55 
113 10 mL 1.015 1.2444 0.0266 0.2028 10.14 1.0215 1.1771 0.0266 0.129 6.45 3.69 5.1132 15.2532 33.52 24.19 42.29 
123 10 mL 1.0033 1.2329 0.0266 0.203 10.15 1.0132 1.1498 0.0266 0.11 5.5 4.65 4.8636 15.0136 32.39 30.97 36.63 
131 10 mL 1.002 1.2128 0.0266 0.1842 9.21 0.9958 1.122 0.0266 0.0996 4.98 4.23 5.4919 14.7019 37.36 28.77 33.87 
138 10 mL 1.0385 1.2448 0.0266 0.1797 8.985 1.0141 1.119 0.0266 0.0783 3.915 5.07 6.4221 15.4071 41.68 32.91 25.41 
148 10 mL 1.02 1.211 0.0266 0.1644 8.22 1.0323 1.1376 0.0266 0.0787 3.935 4.285 7.0414 15.2614 46.14 28.08 25.78 
151 10 mL 0.9994 1.2446 0.0266 0.2186 10.93 1.0189 1.143 0.0266 0.0975 4.875 6.055 4.2283 15.1583 27.89 39.95 32.16 
163 10 mL 1.0384 1.263 0.0266 0.198 9.9 1.0065 1.116 0.0266 0.0829 4.145 5.755 5.0549 14.9549 33.80 38.48 27.72 
173 10 mL 1.0112 1.236 0.0266 0.1982 9.91 0.9965 1.1032 0.0266 0.0801 4.005 5.905 5.2095 15.1195 34.46 39.06 26.49 
LP0609073                  
16 10 mL 1.0382 1.2474 0.0266 0.1826 9.13 1.0105 1.0973 0.0266 0.0602 3.01 6.12 6.4918 15.6218 41.56 39.18 19.27 
28 10 mL 0.9952 1.2592 0.0266 0.2374 11.87 0.9984 1.1759 0.0266 0.1509 7.545 4.325 3.9339 15.8039 24.89 27.37 47.74 
36 10 mL 1.0034 1.2836 0.0266 0.2536 12.68 0.9885 1.2002 0.0266 0.1851 9.255 3.425 3.0268 15.7068 19.27 21.81 58.92 
45 10 mL 1.0139 1.2962 0.0266 0.2557 12.785 0.9777 1.195 0.0266 0.1907 9.535 3.25 3.0183 15.8033 19.10 20.57 60.34 
52 10 mL 1.0031 1.2841 0.0266 0.2544 12.72 0.9911 1.2032 0.0266 0.1855 9.275 3.445 3.1952 15.9152 20.08 21.65 58.28 
65 10 mL 1.0205 1.3003 0.0266 0.2532 12.66 0.9845 1.1986 0.0266 0.1875 9.375 3.285 3.3238 15.9838 20.79 20.55 58.65 
77 10 mL 1.0175 1.289 0.0266 0.2449 12.245 1.002 1.215 0.0266 0.1864 9.32 2.925 3.2466 15.4916 20.96 18.88 60.16 
85 10 mL 0.996 1.2773 0.0266 0.2547 12.735 1.0264 1.2582 0.0266 0.2052 10.26 2.475 2.6536 15.3886 17.24 16.08 66.67 
95 10 mL 0.968 1.2358 0.0266 0.2412 12.06 0.9956 1.2179 0.0266 0.1957 9.785 2.275 3.1376 15.1976 20.65 14.97 64.39 
104 10 mL 1.0041 1.2586 0.0266 0.2279 11.395 0.9824 1.1978 0.0266 0.1888 9.44 1.955 2.7883 14.1833 19.66 13.78 66.56 
113 10 mL 1.0202 1.2815 0.0266 0.2347 11.735 0.9974 1.2083 0.0266 0.1843 9.215 2.52 3.0247 14.7597 20.49 17.07 62.43 
123 10 mL 0.9896 1.2487 0.0266 0.2325 11.625 0.9832 1.1874 0.0266 0.1776 8.88 2.745 2.9614 14.5864 20.30 18.82 60.88 
133 10 mL 1.012 1.2763 0.0266 0.2377 11.885 0.9969 1.2059 0.0266 0.1824 9.12 2.765 3.1029 14.9879 20.70 18.45 60.85 
144 10 mL 1.0128 1.2726 0.0266 0.2332 11.66 0.9897 1.1983 0.0266 0.182 9.1 2.56 2.8024 14.4624 19.38 17.70 62.92 
153 10 mL 0.9738 1.2262 0.0266 0.2258 11.29 0.9916 1.1944 0.0266 0.1762 8.81 2.48 3.201 14.491 22.09 17.11 60.80 
164 10 mL 1.002 1.2489 0.0266 0.2203 11.015 0.9845 1.183 0.0266 0.1719 8.595 2.42 3.2552 14.2702 22.81 16.96 60.23 
173 10 mL 0.9956 1.2424 0.0266 0.2202 11.01 1.014 1.2134 0.0266 0.1728 8.64 2.37 3.4839 14.4939 24.04 16.35 59.61 
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179 10 mL 1.0175 1.2488 0.0266 0.2047 10.235 1.0025 1.186 0.0266 0.1569 7.845 2.39 4.6043 14.8393 31.03 16.11 52.87 
184 10 mL 1.0023 1.2254 0.0266 0.1965 9.825 0.99 1.1642 0.0266 0.1476 7.38 2.445 5.0729 14.8979 34.05 16.41 49.54 
193 10 mL 1.017 1.2434 0.0266 0.1998 9.99 0.9917 1.1652 0.0266 0.1469 7.345 2.645 4.8371 14.8271 32.62 17.84 49.54 
203 10 mL 1.0194 1.2429 0.0266 0.1969 9.845 1.0217 1.1904 0.0266 0.1421 7.105 2.74 4.4822 14.3272 31.28 19.12 49.59 
207 10 mL 1.02 1.2423 0.0266 0.1957 9.785 1.0189 1.1829 0.0266 0.1374 6.87 2.915 4.9168 14.7018 33.44 19.83 46.73 
212 10 mL 0.9982 1.2457 0.0266 0.2209 11.045 1.0034 1.2213 0.0266 0.1913 9.565 1.48 3.3333 14.3783 23.18 10.29 66.52 
222 10 mL 1.0167 1.247 0.0266 0.2037 10.185 1.0168 1.192 0.0266 0.1486 7.43 2.755 4.6699 14.8549 31.44 18.55 50.02 
229 10 mL 1.0362 1.282 0.0266 0.2192 10.96 1.0124 1.2 0.0266 0.161 8.05 2.91 3.3735 14.3335 23.54 20.30 56.16 
LP0608075                  
19 10 mL 1.1089 1.1934 0.0266 0.0579 2.895 1.0116 1.0674 0.0266 0.0292 1.46 1.435 9.5623 12.4573 76.76 11.52 11.72 
30 10 mL 1.0192 1.2592 0.0266 0.2134 10.67 1.1341 1.1683 0.0266 0.0076 0.38 10.29 5.9219 16.5919 35.69 62.02 2.29 
42 10 mL 1.0022 1.2298 0.0266 0.201 10.05 1.0213 1.1598 0.0266 0.1119 5.595 4.455 5.8047 15.8547 36.61 28.10 35.29 
48 10 mL 0.9958 1.2356 0.0266 0.2132 10.66 1.0096 1.1623 0.0266 0.1261 6.305 4.355 4.864 15.524 31.33 28.05 40.61 
60 10 mL 0.9813 1.2257 0.0266 0.2178 10.89 1.0254 1.1788 0.0266 0.1268 6.34 4.55 4.6122 15.5022 29.75 29.35 40.90 
69 10 mL 0.9991 1.2572 0.0266 0.2315 11.575 1.0176 1.1794 0.0266 0.1352 6.76 4.815 3.684 15.259 24.14 31.56 44.30 
77 10 mL 1.0238 1.2549 0.0266 0.2045 10.225 1.0338 1.187 0.0266 0.1266 6.33 3.895 4.2086 14.4336 29.16 26.99 43.86 
88 10 mL 0.994 1.2344 0.0266 0.2138 10.69 1.016 1.1707 0.0266 0.1281 6.405 4.285 3.9462 14.6362 26.96 29.28 43.76 
101 10 mL 1.0067 1.2264 0.0266 0.1931 9.655 1.0059 1.1488 0.0266 0.1163 5.815 3.84 5.3238 14.9788 35.54 25.64 38.82 
123 10 mL 1.0189 1.2768 0.0266 0.2313 11.565 1.0181 1.1892 0.0266 0.1445 7.225 4.34 3.212 14.777 21.74 29.37 48.89 
132 10 mL 1.0064 1.255 0.0266 0.222 11.1 1.0167 1.1775 0.0266 0.1342 6.71 4.39 3.4496 14.5496 23.71 30.17 46.12 
140 10 mL 0.999 1.2518 0.0266 0.2262 11.31 1.0181 1.1827 0.0266 0.138 6.9 4.41 3.306 14.616 22.62 30.17 47.21 
146 10 mL 1.0102 1.2729 0.0266 0.2361 11.805 0.9964 1.1562 0.0266 0.1332 6.66 5.145 3.0973 14.9023 20.78 34.52 44.69 
154 10 mL 1.0032 1.274 0.0266 0.2442 12.21 1.0312 1.1959 0.0266 0.1381 6.905 5.305 2.3808 14.5908 16.32 36.36 47.32 
167 10 mL 1.0205 1.2976 0.0266 0.2505 12.525 1.01 1.1788 0.0266 0.1422 7.11 5.415 1.9938 14.5188 13.73 37.30 48.97 
185 10 mL 1.0006 1.2768 0.0266 0.2496 12.48 0.9839 1.1471 0.0266 0.1366 6.83 5.65 2.4853 14.9653 16.61 37.75 45.64 
191 10 mL 0.9865 1.21 0.0266 0.1969 9.845 0.9927 1.1335 0.0266 0.1142 5.71 4.135 5.5395 15.3845 36.01 26.88 37.12 
202 10 mL 1.0079 1.153 0.0266 0.1185 5.925 0.9987 1.093 0.0266 0.0677 3.385 2.54 9.8597 15.7847 62.46 16.09 21.44 
212 10 mL 1.0187 1.1292 0.0266 0.0839 4.195 1.0087 1.0784 0.0266 0.0431 2.155 2.04 12.1823 16.3773 74.39 12.46 13.16 
216 10 mL 1.017 1.1337 0.0266 0.0901 4.505 1.0019 1.075 0.0266 0.0465 2.325 2.18 11.9704 16.4754 72.66 13.23 14.11 
230 10 mL 0.9985 1.1539 0.0266 0.1288 6.44 0.9842 1.062 0.0266 0.0512 2.56 3.88 9.5565 15.9965 59.74 24.26 16.00 
GH 0608071                  
16 10 mL 1.0035 1.2287 0.0266 0.1986 9.93 1.039 1.0982 0.0266 0.0326 1.63 8.3 5.1605 15.0905 34.20 55.00 10.80 
32 10 mL 0.9858 1.1944 0.0266 0.182 9.1 1.0023 1.0594 0.0266 0.0305 1.525 7.575 7.0202 16.1202 43.55 46.99 9.46 
48 10 mL 0.9783 1.1823 0.0266 0.1774 8.87 1.0118 1.0814 0.0266 0.043 2.15 6.72 7.3338 16.2038 45.26 41.47 13.27 
57 10 mL 1.0172 1.1895 0.0266 0.1457 7.285 1.0269 1.0928 0.0266 0.0393 1.965 5.32 9.0275 16.3125 55.34 32.61 12.05 
64 10 mL 1.0022 1.1586 0.0266 0.1298 6.49 1.0193 1.0804 0.0266 0.0345 1.725 4.765 9.7391 16.2291 60.01 29.36 10.63 
77 10 mL 1.0078 1.172 0.0266 0.1376 6.88 1.022 1.0925 0.0266 0.0439 2.195 4.685 8.9059 15.7859 56.42 29.68 13.90 
94 10 mL 1.0145 1.2034 0.0266 0.1623 8.115 1.0484 1.1278 0.0266 0.0528 2.64 5.475 7.548 15.663 48.19 34.95 16.86 
108 10 mL 1.0135 1.1997 0.0266 0.1596 7.98 1.0145 1.0936 0.0266 0.0525 2.625 5.355 7.2434 15.2234 47.58 35.18 17.24 
118 10 mL 0.9817 1.1566 0.0266 0.1483 7.415 1.0033 1.0784 0.0266 0.0485 2.425 4.99 7.8365 15.2515 51.38 32.72 15.90 
132 10 mL 0.9979 1.149 0.0266 0.1245 6.225 1.0257 1.092 0.0266 0.0397 1.985 4.24 8.8469 15.0719 58.70 28.13 13.17 
145 10 mL 1.0165 1.1927 0.0266 0.1496 7.48 0.9846 1.0703 0.0266 0.0591 2.955 4.525 6.9772 14.4572 48.26 31.30 20.44 
157 10 mL 1.0052 1.1938 0.0266 0.162 8.1 1.0164 1.0991 0.0266 0.0561 2.805 5.295 6.5706 14.6706 44.79 36.09 19.12 
LP0611074                  
14 10 mL 0.9921 1.2276 0.0266 0.2089 10.445 0.9867 1.0865 0.0266 0.0732 3.66 6.785 5.6637 16.1087 35.16 42.12 22.72 
25 10 mL 0.9935 1.2379 0.0266 0.2178 10.89 1.0032 1.1558 0.0266 0.126 6.3 4.59 3.8061 14.6961 25.90 31.23 42.87 
 57 
33 10 mL 1.0046 1.2635 0.0266 0.2323 11.615 0.9951 1.1672 0.0266 0.1455 7.275 4.34 3.2046 14.8196 21.62 29.29 49.09 
45 10 mL 1.0086 1.2742 0.0266 0.239 11.95 0.9935 1.1793 0.0266 0.1592 7.96 3.99 2.8512 14.8012 19.26 26.96 53.78 
55 10 mL 1.0321 1.2943 0.0266 0.2356 11.78 1.0024 1.1978 0.0266 0.1688 8.44 3.34 2.7238 14.5038 18.78 23.03 58.19 
63 10 mL 1.0239 1.2857 0.0266 0.2352 11.76 1.0184 1.2127 0.0266 0.1677 8.385 3.375 2.7292 14.4892 18.84 23.29 57.87 
69 10 mL 0.9878 1.2464 0.0266 0.232 11.6 1.0392 1.2329 0.0266 0.1671 8.355 3.245 2.7653 14.3653 19.25 22.59 58.16 
80 10 mL 0.9907 1.2304 0.0266 0.2131 10.655 1.0278 1.2179 0.0266 0.1635 8.175 2.48 3.419 14.074 24.29 17.62 58.09 
90 10 mL 1.0155 1.2744 0.0266 0.2323 11.615 1.0257 1.22 0.0266 0.1677 8.385 3.23 2.7432 14.3582 19.11 22.50 58.40 
95 10 mL 1.0212 1.2654 0.0266 0.2176 10.88 1.0112 1.1981 0.0266 0.1603 8.015 2.865 3.4212 14.3012 23.92 20.03 56.04 
107 10 mL 1.0209 1.2735 0.0266 0.226 11.3 1.0062 1.1988 0.0266 0.166 8.3 3 3.3248 14.6248 22.73 20.51 56.75 
115 10 mL 1.0457 1.2914 0.0266 0.2191 10.955 0.9638 1.1427 0.0266 0.1523 7.615 3.34 3.7157 14.6707 25.33 22.77 51.91 
127 10 mL 0.9909 1.2358 0.0266 0.2183 10.915 0.9661 1.142 0.0266 0.1493 7.465 3.45 3.3782 14.2932 23.64 24.14 52.23 
138 10 mL 1.0392 1.2871 0.0266 0.2213 11.065 0.9822 1.1588 0.0266 0.15 7.5 3.565 2.2097 13.2747 16.65 26.86 56.50 
144 10 mL 1.0168 1.2603 0.0266 0.2169 10.845 0.9688 1.1377 0.0266 0.1423 7.115 3.73 3.5849 14.4299 24.84 25.85 49.31 
157 10 mL 1.0151 1.2592 0.0266 0.2175 10.875 0.9787 1.1492 0.0266 0.1439 7.195 3.68 4.0209 14.8959 26.99 24.70 48.30 
160 10 mL 1.0114 1.2557 0.0266 0.2177 10.885 1.0064 1.1754 0.0266 0.1424 7.12 3.765 3.993 14.878 26.84 25.31 47.86 
169 10 mL 0.9879 1.2235 0.0266 0.209 10.45 1.016 1.1853 0.0266 0.1427 7.135 3.315 3.9385 14.3885 27.37 23.04 49.59 
177 10 mL 1.0052 1.2449 0.0266 0.2131 10.655 1.0214 1.1965 0.0266 0.1485 7.425 3.23 3.817 14.472 26.38 22.32 51.31 
185 10 mL 1.0078 1.2438 0.0266 0.2094 10.47 1.0266 1.2005 0.0266 0.1473 7.365 3.105 3.882 14.352 27.05 21.63 51.32 
194 10 mL 0.986 1.2208 0.0266 0.2082 10.41 1.0057 1.1788 0.0266 0.1465 7.325 3.085 4.4043 14.8143 29.73 20.82 49.45 
201 10 mL 0.9895 1.1954 0.0266 0.1793 8.965 0.9986 1.1522 0.0266 0.127 6.35 2.615 5.7948 14.7598 39.26 17.72 43.02 
206 10 mL 1.0165 1.1839 0.0266 0.1408 7.04 0.9933 1.1141 0.0266 0.0942 4.71 2.33 8.248 15.288 53.95 15.24 30.81 
212 10 mL 1.002 1.1728 0.0266 0.1442 7.21 0.9995 1.1155 0.0266 0.0894 4.47 2.74 7.9933 15.2033 52.58 18.02 29.40 
220 10 mL 1.0076 1.197 0.0266 0.1628 8.14 1.0085 1.1361 0.0266 0.101 5.05 3.09 6.7101 14.8501 45.19 20.81 34.01 
Minor                  
225 10 mL 1.0028 1.2444 0.0266 0.215 10.75 1.0324 1.2107 0.0266 0.1517 7.585 3.165 4.0902 14.8402 27.56 21.33 51.11 
175 10 mL 1.0047 1.2578 0.0266 0.2265 11.325 0.9898 1.1774 0.0266 0.161 8.05 3.275 3.6348 14.9598 24.30 21.89 53.81 
125 10 mL 1.0036 1.2513 0.0266 0.2211 11.055 1.0477 1.2295 0.0266 0.1552 7.76 3.295 3.2571 14.3121 22.76 23.02 54.22 
75 10 mL 0.9926 1.2449 0.0266 0.2257 11.285 0.9726 1.1519 0.0266 0.1527 7.635 3.65 2.7003 13.9853 19.31 26.10 54.59 
50 10 mL 1.0277 1.2843 0.0266 0.23 11.5 1.042 1.2122 0.0266 0.1436 7.18 4.32 2.9558 14.4558 20.45 29.88 49.67 
200 10 mL 1.0102 1.2562 0.0266 0.2194 10.97 1.0083 1.189 0.0266 0.1541 7.705 3.265 3.7224 14.6924 25.34 22.22 52.44 
150 10 mL 1.0018 1.2557 0.0266 0.2273 11.365 1.0622 1.2518 0.0266 0.163 8.15 3.215 3.0859 14.4509 21.35 22.25 56.40 
100 10 mL 1.0153 1.2526 0.0266 0.2107 10.535 1.0257 1.1976 0.0266 0.1453 7.265 3.27 2.7909 13.3259 20.94 24.54 54.52 
White                  
225 10 mL 1.0331 1.2047 0.0266 0.145 7.25 1.0636 1.1958 0.0266 0.1056 5.28 1.97 8.2354 15.4854 53.18 12.72 34.10 
200 10 mL 1.0312 1.2137 0.0266 0.1559 7.795 1.0365 1.1712 0.0266 0.1081 5.405 2.39 7.97 15.765 50.56 15.16 34.28 
150 10 mL 1.0107 1.1935 0.0266 0.1562 7.81 1.046 1.174 0.0266 0.1014 5.07 2.74 4.969 12.779 38.88 21.44 39.67 
100 10 mL 1.0422 1.2675 0.0266 0.1987 9.935 1.063 1.2469 0.0266 0.1573 7.865 2.07 5.1514 15.0864 34.15 13.72 52.13 
50 10 mL 1.0245 1.2504 0.0266 0.1993 9.965 1.0091 1.1722 0.0266 0.1365 6.825 3.14 4.6657 14.6307 31.89 21.46 46.65 
175 10 mL 1.0249 1.2176 0.0266 0.1661 8.305 1.0236 1.1632 0.0266 0.113 5.65 2.655 7 15.305 45.74 17.35 36.92 
125 10 mL 1.033 1.2715 0.0266 0.2119 10.595 1.0258 1.223 0.0266 0.1706 8.53 2.065 3.0543 13.6493 22.38 15.13 62.49 
75 10 mL 1.0029 1.1994 0.0266 0.1699 8.495 1.2623 1.4101 0.0266 0.1212 6.06 2.435 6.391 14.886 42.93 16.36 40.71 
LP0628073                  
21 10 mL 0.9975 1.26 0.0266 0.2359 11.795 0.9818 1.0411 0.0266 0.0327 1.635 10.16 5.0228 16.8178 29.87 60.41 9.72 
27 10 mL 0.9972 1.2516 0.0266 0.2278 11.39 0.984 1.0803 0.0266 0.0697 3.485 7.905 4.755 16.145 29.45 48.96 21.59 
40 10 mL 1.0221 1.2761 0.0266 0.2274 11.37 1.0448 1.1714 0.0266 0.1 5 6.37 4.8206 16.1906 29.77 39.34 30.88 
50 10 mL 0.9813 1.2306 0.0266 0.2227 11.135 1.0282 1.1667 0.0266 0.1119 5.595 5.54 4.8252 15.9602 30.23 34.71 35.06 
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60 10 mL 0.9965 1.2395 0.0266 0.2164 10.82 1.0301 1.1737 0.0266 0.117 5.85 4.97 4.9726 15.7926 31.49 31.47 37.04 
68 10 mL 1.0135 1.2498 0.0266 0.2097 10.485 1.054 1.1919 0.0266 0.1113 5.565 4.92 5.1835 15.6685 33.08 31.40 35.52 
79 10 mL 1.2917 1.518 0.0266 0.1997 9.985 1.0024 1.1112 0.0266 0.0822 4.11 5.875 5.0182 15.0032 33.45 39.16 27.39 
93 10 mL 1.0681 1.2949 0.0266 0.2002 10.01 1.0269 1.1556 0.0266 0.1021 5.105 4.905 5.2995 15.3095 34.62 32.04 33.35 
106 10 mL 1.0386 1.2614 0.0266 0.1962 9.81 1.0285 1.1543 0.0266 0.0992 4.96 4.85 5.4524 15.2624 35.72 31.78 32.50 
115 10 mL 1.0602 1.2841 0.0266 0.1973 9.865 1.0191 1.1446 0.0266 0.0989 4.945 4.92 5.2815 15.1465 34.87 32.48 32.65 
130 10 mL 1.0484 1.2776 0.0266 0.2026 10.13 1.0273 1.1475 0.0266 0.0936 4.68 5.45 4.5607 14.6907 31.04 37.10 31.86 
143 10 mL 1.0346 1.253 0.0266 0.1918 9.59 1.0004 1.1064 0.0266 0.0794 3.97 5.62 5.2795 14.8695 35.51 37.80 26.70 
149 10 mL 1.0394 1.2514 0.0266 0.1854 9.27 1.0164 1.1082 0.0266 0.0652 3.26 6.01 5.4525 14.7225 37.04 40.82 22.14 
157 10 mL 1.271 1.4915 0.0266 0.1939 9.695 1.0152 1.1143 0.0266 0.0725 3.625 6.07 5.1034 14.7984 34.49 41.02 24.50 
170 10 mL 1.2649 1.483 0.0266 0.1915 9.575 1.0234 1.1415 0.0266 0.0915 4.575 5 5.3326 14.9076 35.77 33.54 30.69 
179 10 mL 1.298 1.5273 0.0266 0.2027 10.135 1.0124 1.1281 0.0266 0.0891 4.455 5.68 4.4895 14.6245 30.70 38.84 30.46 
185 10 mL 1.0234 1.2725 0.0266 0.2225 11.125 1.001 1.1263 0.0266 0.0987 4.935 6.19 3.671 14.796 24.81 41.84 33.35 
LP0916072                  
16 10 mL 1.0097 1.213 0.0266 0.1767 8.835 1.0204 1.0765 0.0266 0.0295 1.475 7.36 6.8456 15.6806 43.66 46.94 9.41 
23 10 mL 1.0148 1.229 0.0266 0.1876 9.38 1.0291 1.097 0.0266 0.0413 2.065 7.315 6.9784 16.3584 42.66 44.72 12.62 
31 10 mL 1.0204 1.258 0.0266 0.211 10.55 1.011 1.1124 0.0266 0.0748 3.74 6.81 6.0355 16.5855 36.39 41.06 22.55 
39 10 mL 1.0098 1.2576 0.0266 0.2212 11.06 1.0045 1.1488 0.0266 0.1177 5.885 5.175 4.4475 15.5075 28.68 33.37 37.95 
50 10 mL 1.0137 1.2574 0.0266 0.2171 10.855 0.9931 1.1363 0.0266 0.1166 5.83 5.025 4.2768 15.1318 28.26 33.21 38.53 
67 10 mL 1.0082 1.2701 0.0266 0.2353 11.765 1.2579 1.4217 0.0266 0.1372 6.86 4.905 3.486 15.251 22.86 32.16 44.98 
75 10 mL 1.0389 1.2985 0.0266 0.233 11.65 1.016 1.1832 0.0266 0.1406 7.03 4.62 3.0678 14.7178 20.84 31.39 47.77 
81 10 mL 0.9838 1.2529 0.0266 0.2425 12.125 0.9962 1.1782 0.0266 0.1554 7.77 4.355 2.505 14.63 17.12 29.77 53.11 
90 10 mL 1.01 1.264 0.0266 0.2274 11.37 1.0673 1.2368 0.0266 0.1429 7.145 4.225 2.5176 13.8876 18.13 30.42 51.45 
98 10 mL 1.0176 1.2775 0.0266 0.2333 11.665 1.2602 1.4279 0.0266 0.1411 7.055 4.61 2.8813 14.5463 19.81 31.69 48.50 
107 10 mL 1.0313 1.2903 0.0266 0.2324 11.62 1.2678 1.4326 0.0266 0.1382 6.91 4.71 3.5508 15.1708 23.41 31.05 45.55 
114 10 mL 0.9907 1.2292 0.0266 0.2119 10.595 1.2639 1.4165 0.0266 0.126 6.3 4.295 3.802 14.397 26.41 29.83 43.76 
120 10 mL 1.0312 1.2701 0.0266 0.2123 10.615 1.2557 1.4139 0.0266 0.1316 6.58 4.035 4.5084 15.1234 29.81 26.68 43.51 
127 10 mL 1.0141 1.2426 0.0266 0.2019 10.095 1.2574 1.4043 0.0266 0.1203 6.015 4.08 4.9184 15.0134 32.76 27.18 40.06 
135 10 mL 1.0257 1.2513 0.0266 0.199 9.95 1.2627 1.411 0.0266 0.1217 6.085 3.865 4.786 14.736 32.48 26.23 41.29 
140 10 mL 0.9657 1.1803 0.0266 0.188 9.4 0.9607 1.0931 0.0266 0.1058 5.29 4.11 5.9996 15.3996 38.96 26.69 34.35 
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Appendix 2. pH, EC and Munsell color data for seven of ten samples. Minor, Wilmoth, 
and White were omitted due to time-constraints. Color number code: 1= 5Y, 2=10YR, 
3=7.5YR, 4=5YR, 5=2.5YR, 6=10R, 7=Mottled 
pH:        
Depth LP0628073 LP0628072 LP0608075 GH0608071 LP0609073 LP0610071 LP0611074 
248 5.52       
242 5.28       
230   4.85     
229     4.91   
227 5.22       
222     5.04   
220       5.45 
219 5.39       
216   4.87     
212   4.88  4.93  5.28 
210 5.62       
207     4.97   
206       5.33 
203     4.98   
202   4.81     
201       5.39 
200 5.68       
197 5.25       
194       5.23 
193     5.00   
191   4.86     
190  6.28      
185 5.89  4.82    5.25 
184     5.08   
179 5.91    5.04   
177       5.19 
173  6.46   5.16 7.38  
170 5.80       
169       5.30 
167   4.72     
164     5.05   
163      7.70  
160       5.47 
158  6.48      
157 5.77   6.42    
156       5.50 
154   4.80     
153     5.15   
151      7.73  
149 5.53 6.42      
148      7.83  
146   4.84     
144    6.47 5.20  5.45 
143 5.86       
140   4.81     
138      7.99 5.43 
134  6.14      
133     5.30   
132   4.91 6.85    
131      7.92  
130 5.67       
127       5.26 
123   5.05  5.21 8.00  
122  6.48      
118    6.61    
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115 5.80      5.28 
113     5.24 7.95  
112  6.50      
108    6.78    
107       5.31 
106 5.62       
104     5.34   
103        
102   5.18   7.46  
100  6.52      
98        
95     5.36  5.31 
94    7.03    
93 5.37       
92      7.67  
90  6.44     5.37 
88   5.37     
86        
85     5.28   
81      7.78  
80       5.28 
79 5.40       
78  6.20      
77   5.43 6.98 5.22   
74      7.88  
70        
69   5.38    5.20 
68 5.36       
67  6.30      
65     5.23 7.98  
64    7.20    
63       5.14 
60 5.42  5.80     
59      8.01  
57    7.29    
55  6.07     5.16 
52     5.20   
51        
50 5.82       
48   6.28 7.25    
46      7.80  
45     5.29  5.52 
43  5.96      
42   6.24     
41        
40 6.24       
37      7.85  
36     5.66   
33       5.95 
32    6.98    
30  6.35 5.90     
28     6.12   
27 6.05       
26      7.65  
25       5.93 
21 5.95       
19   5.33     
18  5.40      
17      7.59  
16    6.71 5.83   
14       5.33 
10 5.46       
0      7.48 5.00 
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min: 5.36 6.07 4.72 6.98 5.05 7.46 5.14 
ave 5.53 6.31 5.18 7.01 5.27 7.82 5.32 
        
 
EC:        
Depth LP0628073 LP0628072 LP0608075 GH0608071 LP0609073 LP0610071 LP0611074 
248 14.7       
242 31.5       
230   22.5     
229     20.3   
227 31       
222     10.8   
220       9.7 
219 14.7       
216   18     
212   16.9  10.6  8.6 
210 11.3       
207     10.1   
206       7.8 
203     9.6   
202   18     
201       7.7 
200 9.3       
197 10.2       
194       8.6 
193     9   
191   15.6     
190  19.6      
185 8.7  14.7    8.5 
184     8.9   
179 12    9   
177       7.6 
173  11   8.9 87.6  
170 15       
169       7.1 
167   18.3     
164     7.6   
163      83  
160       6.2 
158  11.9      
157 14.4   8.6    
156       5.6 
154   17.4     
153     8.1   
151      92.4  
149 21.2 12.2      
148      96.7  
146   16.9     
144    7.3 7  6.6 
143        
140   19.9     
138      127.3 6.2 
134  7.5      
133     6.9   
132   17.6 4.4    
131      129.8  
130 20.7       
127       6.5 
123   13.9  8.4   
122  12.8      
118    3.8    
115 24.9      6.7 
113     6.8 131.5  
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112  13      
108    5.3    
107       5.6 
106 31.2       
104     8.6   
103        
102   14.4   137.5  
100  10.3      
98        
95     9.1  5.7 
94    7.2    
93 36.8       
92      111.4  
90  10.7     6.8 
88   10     
86        
85     11   
81      138.3  
80       7 
79        
78  11.4      
77   13.3 7.2 14.6   
74      162.0  
70        
69   19.5    9.7 
68 49.2       
67  11.9      
65    9.9 21.5 137.7  
64        
63       13.6 
60 13  21     
59      139.8  
57    8.7    
55  17.6     18 
52     20.3   
51        
50 36.9       
48   18 8.9    
46      101  
45     22.5  21.6 
43  19.3      
42   18.8     
41        
40 26.3       
37        
36     22.4   
33       14.9 
32    28.6    
30  11.4 20.5     
28     13.8   
27 27.9       
26      150.4  
25       13.1 
21 39.1       
19   35.5     
18  101.3      
17      154.1  
16    34.2 74.4   
14       29.2 
10 188.5       
0      163.8 154.9 
max 49.2 17.6 21 7.2 22.5 162 21.6 
ave 33.03333333 12.38 16.53076923 7.2 12.48571429 132.4 8.764705882 
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Color:        
Depth LP0628073 LP0628072 LP0608075 GH0608071 LP0609073 LP0610071 LP0611074 
248 2       
242 2       
230   3     
229     8   
227 2       
222     8   
220       5 
219 2       
216   3     
212   3  8  5 
210 2       
207     5   
206       5 
203     5   
202   3     
201       5 
200        
197 2       
194       5 
193     5   
191   7     
190  2      
185 2  7    5 
184     5   
179 2    5   
177       5 
173  2   5 5  
170 2       
169       5 
167   7     
164     5   
163      5  
160       5 
158  2      
157 2   2    
156       5 
154   7     
153     5   
151      5  
149 2 2      
148      5  
146   7     
144    2 5  5 
143 2       
140   7     
138      4 6 
134  2      
133     5   
132   7 2    
131      5  
130 2       
127       6 
123   7  5   
122  2      
118    2    
115 2      6 
113     5 5  
112  2      
108    2    
107       6 
106 2       
104     5   
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103   7     
102      6  
100  2      
98        
95     5  6 
94    2    
93 2       
92      6  
90  2     6 
88   7     
86        
85     5   
81      5  
80       6 
79 2       
78  2      
77   7 2 5   
74      5  
70        
69   5    6 
68 2       
67  2      
65     5 5  
64    2    
63       6 
60 2  5     
59      5  
57    2    
55  2     6 
52     5   
51        
50 5       
48   4 2    
46      5  
45     5  6 
43  2      
42   4     
41        
40 5       
37      5  
36     5   
33       6 
32    2    
30  2 3     
28     5   
27 5       
26      2  
25       4 
21 5       
19   2     
18  2      
17      1  
16    2 5   
14       4 
10 5       
0      1 4 
 
